Abstract: We discuss a spectroscopic method to determine the character of chemical bonding and for the identification of metal ligands in coordination and bioinorganic chemistry. It is based on the analysis of satellite lines in x-ray emission spectra that arise from transitions between valence orbitals and the metal ion 1s level (valence-to-core XES). The spectra, in connection with calculations based on density functional theory (DFT), provide information that is complementary to other spectroscopic techniques, in particular x-ray absorption (XANES and EXAFS). The spectral shape is sensitive to protonation of ligands and allows ligands, which differ only slightly in atomic number (e.g . C, N 
3 extended x-ray absorption fine structure (EXAFS) can provide valuable information but is limited when distinguishing between ligands with similar atomic numbers 10 .
There are many traditional methods to experimentally investigate metal ligands. Nuclear magnetic resonance (NMR), electron nuclear double resonance (ENDOR), infra-red (IR), ultra-violet and visible (UV-Vis) spectra give characteristic signatures that allow the ligands to be identified. However, application of these methods is limited in some cases. X-ray absorption spectroscopy -especially analysis of the fine structure in the extended part (EXAFS) -is a well-known technique for probing the local atomic structure around a specific atom in condensed systems (e.g. for reviews see refs 11, 12 ) . The technique enables the measurement of bond lengths with an accuracy of ~0.02 Å in systems without long-range order. Recent developments in effective computational algorithms used for fitting the nearedge part of absorption spectra (XANES) 13, 14 will probably allow one of the important limitations of EXAFS to be overcome, namely low sensitivity to bond angles. Nevertheless, x-ray absorption techniques have clear limitations. For one, it is practically impossible to distinguish neighbouring atoms with slightly different atomic number (for example C, O, N). Also, H atoms are in most cases invisible in EXAFS and can be identified in XANES only in very particular cases 15, 16 . Therefore information about ligand protonation can be extracted only indirectly on the basis of correlations between bond lengths and ligand type 17 .
X-ray emission spectroscopy (XES) (for review see e.g. ref 18, 19 ) offers a variety of techniques directly addressing problems concerning the electronic structure. For example, electron transitions between the metal atom 3p and 1s orbitals (Kβ lines) in 3d transition metal complexes allow the local atomic spin state to be determined [20] [21] [22] . The spin-sensitivity arises in this case from an intra-atomic interaction between the 3p and 3d shells. The 3d orbital configuration can be studied directly by observing L absorption edges and emission lines 19 . However, such experiments in the soft x-ray region (hν < 1000 eV) require high vacuum conditions and thus pose limitations with respect to sample environment. Xray induced radiation damage to biological samples, in particular to metal centers and metal clusters increases dramatically at soft x-ray energies, limiting the application of technique for such samples 23 . In 4 contrast, XES measurements performed at higher energies are very promising for metalloproteins 24 .
Interpretation of these spectra is usually based on multiplet theory 25 due to the localized character of the orbitals that are involved in the transitions.
26,27
Here we present an analysis of the x-ray emission lines just below the Fermi level after creation of a 1s core hole (valence-to-core XES) in Mn complexes. These weak features in the high energy part of XES have been known for many years 28 and have been denoted Kβ'' and Kβ 2, 5 . The interest in them has increased due to the development of high-resolution spectrometers in the hard x-ray range at synchrotron radiation sources. The hard x-ray probe (hν > 5 keV) has the advantage of very few restrictions with respect to the sample environment. A number of previous studies exist [29] [30] [31] [32] [33] [34] [35] , most notably perhaps the study of a series of Mn model systems with different ligands 36, 37 . A quantitative interpretation of the Kβ satellites using density functional theory (DFT) proved the feasibility and potential of this approach
38
.
The formal electronic configuration in the final state of the x-ray emitting transition is identical to valence electron photoemission: X-ray photoemission spectroscopy (XPS) and Ultraviolet photoemission spectroscopy (UPS) also known as electron spectroscopy for chemical analysis (ESCA).
XES and XPS both test the occupied electron orbitals (in contrast to XAS) and thus provide similar information with the latter being a standard tool for chemical characterization. However, there are some important differences between the two techniques. XES is a strictly element specific probe, i.e. only electron density at the metal site (including the ligands) is probed with a considerably simpler analysis than resonant XPS experiments. The selection rules for electron transitions in K-XES only allow for orbitals to be detected that have p-contribution with respect to the metal atom. Also ultra high vacuum conditions are not required for XES, unlike for standard XPS experiments.
In the present paper we discuss in detail the information about the local chemical arrangement in 3d
transition metal systems that can be gained using valence-to-core XES. The applicability and thus importance of this approach is due to the fact that the spectra can be successfully modeled by means of 5 ground state DFT calculations. With a growing number of experimental stations at synchrotron radiation sources worldwide the technique becomes readily accessible, with considerable potential for the characterization of the electronic structure in metal complexes.
Theoretical Modeling
Valence-to-core XES were calculated numerically by integrating matrix elements between core-level and valence band molecular orbitals: 41, 42 within the generalized gradient approximation. A fundamental problem in inner-shell spectroscopy is to correctly account for the influence of the hole in a core electron level on the valence orbitals. The effect of the core-hole was considered within a simple Z+1 approximation and a relative energy scale was used in all calculations, i.e. the calculated energy scale was shifted by 6548 eV to correspond to the experiment.
We found little influence of the core hole on the spectral shape. This observation will be addressed in the discussion section (vide infra).
Hedin-Lunqvist potential was employed to calculate the exchange part. Both multiple scattering and self-consistency of the potential were performed for all atoms of the molecules. Default values were used for all other parameters.
Experimental
The measurements were performed at beamline ID26 of the European Synchrotron Radiation Facility (ESRF). The incident energy was selected by means of a cryogenically cooled pair of Si crystals with a (111) orientation. The energy was tuned to 6.6 keV which is above the Mn K-edge but below the KL threshold for 1s2p double electron excitations that considerably affect the Kβ satellite line shape. 44 Higher harmonics were rejected by two Si mirrors operating in total reflection. Using the fundamental undulator peak, the maximum incident flux was 10 Careful radiation damage studies were performed. Under the conditions of the experiment, damage was observed starting from 10 seconds of illumination. The evolution of the damage with time showed little dependence on the temperature and the measurements were thus performed in ambient conditions. The x-ray illumination time per beam spot on the sample was kept below the time limit where damage was observed.
The valence-to-core transitions are superimposed on a background that is due to the strong Kβ 1,3 line at lower emission energies. This background was subtracted by fitting Voigt line profiles to the Kβ 1, 3 line. A small error due to the background subtraction may occur in the Kβ'' region because the valenceto-core XES signal is weaker by a factor 2-3 compared to the background. were prepared according to published procedures. 45, 46 A solution of MnCl 2 in water (0.4 M) was measured in a jet stream.
Results and discussion
We discuss in section 4.1. the sensitivity of valence-to-core XES to substitution of the metal ligand on the basis of DFT calculations for 6-coordinated Mn complexes. This is compared to the sensitivity of XANES spectra. In section 4.2 an interpretation of the spectral features for these model molecules is given in terms of molecular orbitals. An application to real systems is presented in section 4.3. The experimentally observed trends in the spectra are interpreted using DFT. All XANES spectra with fixed Mn-ligand distances (bottom-right of Fig. 1 ) remain essentially identical when one of the six ligands is changed, while the XES spectra show clear features depending 9 on the ligand type ( Fig. 1 bottom-left) . The XES peak positions are largely independent of the inter- . Nevertheless, at the current level of interpretation of XES data, XANES and EXAFS provide a more robust way to investigate and determine bond lengths; therefore, this result highlights the complementary nature of the valence-to-core XES and XAS techniques.
Chemical sensitivity of the valence-to-core XES

Molecular orbital interpretation of spectral features
The results obtained from spectroscopic studies reflect the energy levels of the system, and it is often a challenge to arrive at conclusions with respect to the electronic structure and the chemical behavior . There are a few analogous orbitals, that contribute to the same spectral features. The S1 peak results from transitions from a MO 10 with s-character around the oxygen atoms. This feature is usually described as the Kβ'' or "cross-over" (Fig. 2 bottom) . A feature, P3, corresponds to the transitions from a MO that contains contribution from p-like orbitals on three ligand molecules with the strongest contribution from the NH 3 ligand. A consequence of this delocalization of MOs that contribute to spectral intensity is that the spectra are only weakly sensitive to the effect of the core-hole. The core-hole is screened by the Mn valence electrons in the 3d shell (that we do not observe) and the ligand orbitals are not significantly affected by the change in effective nuclear charge on the Mn atom. Thus, ground state DFT calculations are expected to accurately model the valence-to-core XES spectra. This is demonstrated in the comparison between theory and experiment as described below. Another consequence of the low contribution of metal d-orbitals to the valence-to-core XES of coordination complexes is indirect sensitivity to the oxidation state. In the hypothetical case of oxidation state change without local structure modification the spectra will remain practically identical. Only the reconstruction of local geometry with subsequent 13 formation of new molecular orbitals will lead to significant changes of the spectrum.
Comparison with experiment
Simulations of experimental valence-to-core XES spectra on simple 3d transition metal systems have been performed by various authors. 37, 38 These studies form the basis of our detailed theoretical analysis above. In order to verify the approach we have measured the spectrum of a Mn 2+ ion in water. Figure 3 shows a comparison with the theoretical data for [Mn(
. The main features that are observed experimentally are well reproduced in the theory. A slightly higher intensity of peak P1 and shoulder P3
in the experiment may be explained by dynamical disorder in the first coordination shell as well as the influence of more distant water molecules. In order to fully reproduce the experiment in the calculation it is necessary to average a large number of spectra corresponding to the different snapshots of the solvent dynamic. Such calculations are beyond the scope of this work. The theoretical XES spectra are compared to experiment in Fig. 5 . The overall shape of the experimental XES spectra is well reproduced in the calculations, corroborating the validity of our computational approach. A small discrepancy is observed in the low energy part of the S1 and P1 16 features. We ascribe this tentatively to multi-electron effects, which are not considered in our calculations. The influence of shake-off effects on valence-to-core XES was discussed previously 44 . A full treatment of multi-electron effects is computationally very demanding and currently not possible for molecular orbitals. Also, subtraction of the Kβ 1,3 background introduces some uncertainty in this spectral region.
The main differences between the spectra of the two Mn(III) systems are a sharpening and a shift towards higher energy of the S1 and P1 features. In order to clarify the origin of these effects we have analyzed the MOs that contribute to these features (Fig. 6) . The split and rather broad S1 region in the MOs contributing to the P1 region of the spectra are more complex (Fig. 6 ). For clarity, we show those parts of the MOs, which are far from the Mn atoms as a mesh. These parts of the MOs provide only a weak contribution to the valence-to-core XES spectral intensity and will not, therefore, be considered in detail in the following discussion. It is predominantly p-type orbitals from acac 17 oxygens and from nitrogens in the axial azido group which contribute to the P1 peak for A rather weak effect upon substitution of the axial ligand is observed when comparing spectra of Qualitatively, valence-to-core XES spectra are sensitive to the chemical bonding character between the metal and nearest neighbor atoms and types of metal neighbors. The overall shape of the spectrum can be reproduced using a set of atomic coordinates that does not need to be determined with high precision. However, outer atoms, which influence the hybridization of ligand p-type states, can attract electronic density and thus modify the ligand electron configuration. Consequently, the entire coordination complex must be considered in a quantitative calculation of valence-to-core XES. The cluster size, i.e. the number of atoms required in XES calculations, is therefore similar to that typically used for XANES calculations (4.5-6 Å). In contrast to XANES simulations, we find that H atoms need to be included in calculations of valence-to-core XES spectra, because they participate in the overall 19 character of the chemical bond. H atoms influence the spectral shape of XANES only weakly since the backscattering amplitude is low. This leads to the conclusion that H AOs contribute strongly to MOs that have energies in the region of valence-to-core XES spectra, but contribute only weakly to unoccupied orbitals in the XANES spectral region. Weak contribution from H atoms to XAS has previously been observed only in specific cases, for example at the O K-edge in water 48 . When analyzing the sensitivity of XES to the local geometry, we find only minor dependence on the bond angles. We do, however, observe an influence of the bond length on the intensity of the P1 and P2
peaks.
Conclusions
We have demonstrated the sensitivity of valence-to-core XES to the nature of the ligands present in 3d transition metal systems. The technique can be used to identify both simple (such as water versus OH -) and more complicated (acac versus B 2 O 3 Ph 2 ) ligands. The key advantage of this method as compared with x-ray absorption spectroscopy is the high sensitivity to the character of the chemical bonding. As a result, valence-to-core XES is able to detect the degree of ligand protonation as well as substitution of ligand atoms with others of similar atomic number (e.g., N for O).
We note that x-ray emission spectroscopy does not always require a synchrotron radiation source.
Experiments using laboratory x-ray sources or even radioactive isotopes have been performed 18, [49] [50] [51] .
Therefore the potential of this technique is high and of interest to many research groups.
